EML1 encodes the protein Echinoderm microtubule-associated protein-like 1 or EMAP-1 that binds to the microtubule complex. Mutations in this gene resulting in complex brain malformations have only recently been published with limited clinical descriptions. We provide further clinical and imaging details on three previously published families, and describe two novel unrelated individuals with a homozygous partial EML1 deletion and a homozygous missense variant c.760G>A, p.(Val254Met), respectively. From review of the clinical and imaging data of eight individuals from five families with biallelic EML1 variants, a very consistent imaging phenotype emerges. The clinical syndrome is characterized by mainly neurological features
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including severe developmental delay, drug-resistant seizures and visual impairment. On brain imaging there is megalencephaly with a characteristic ribbon-like subcortical heterotopia combined with partial or complete callosal agenesis and an overlying polymicrogyria-like cortical malformation. Several of its features can be recognized on prenatal imaging especially the abnormaly formed lateral ventricles, hydrocephalus (in half of the cases) and suspicion of a neuronal migration disorder. In conclusion, biallelic EML1 disease-causing variants cause a highly specific pattern of congenital brain malformations, severe developmental delay, seizures and visual impairment. However, other rarer forms of gray matter heterotopia exist.
In 2014, mutations in EML1 (Echinoderm microtubule-associated protein-like 1 or EMAP-1, MIM *602033) were first described causing a novel syndrome with ribbon-like subcortical heterotopia in five individuals from two families (Kielar et al., 2014) . A sixth affected individual was identified in a study on congenital hydrocephalus (Shaheen et al., 2017) .
The heterotopia was shown to be undulating, resembling cortical architecture with gyri and sulci. In addition, the overlying cortex was noted to be malformed with a polymicrogyria-like appearance, the corpus callosum absent and 3/6 individuals described also had congenital hydrocephalus.
All individuals were macrocephalic (>2.5 SD), and, even after intraventricular shunt drainage, the head circumference remained enlarged consistent with megalencephaly rather than simply hydrocephalus.
In this report, we provide further clinical and/or imaging details for the three previously published EML1 families and describe two novel, unrelated individuals with a homozygous partial EML1 deletion and a homozygous missense variant c.760G>A, p.(Val254Met), respectively. We show that the imaging phenotype associated with EML1 mutations is consistent and the disorder can be recognized by the unique appearance on brain MRI. For one affected individual, we describe in great detail both the pre-and postnatal imaging characteristics and show that this syndrome can be recognized during pregnancy if monitored by fetal ultrasound and/or fetal MRI.
| METHODS

| Editorial policies and ethical considerations
The inclusion of the described individuals for research studies has been approved by the ethical committees of the respective institutions.
| Cohort recruitment and genetic testing
Clinical and imaging data from affected individuals belonging to five unrelated pedigrees, were collected through collaboration within the European Network on Brain Malformations (Neuro-MIG, COST Action CA16118; www.neuro-mig.org) and personal communication with the previous authors. Written informed consent for publication of photographs was obtained from parents/guardians by each physician. Family 1 was identified in the diagnostic setting. Families 2, 3, and 4 have been previously described (Kielar et al., 2014; Shaheen et al., 2017) .
Families 2 and 3 were originally recruited in research studies to reveal the genetic basis of MCD, Family 4 was recruited in a hydrocephalus study. For individual 8, exome sequencing of blood-derived DNA was performed using an Illumina NovaSeq system with subsequent targeted analysis of EML1 with Agilent Alissa software.
| RESULTS
| Clinical reports
Clinical data are summarized Table 1 .
Family 1. The proband is a three-year-old boy born by forcepsassisted vaginal delivery at 37 weeks of gestation following a pregnancy complicated by maternal syncope at 5 months during a period of fasting. Routine obstetric ultrasound at 20 weeks was reported as normal. He was the first child born to parents who are both of Lebanese origin and were not reported to be related. One of the maternal great nephews was reported to have a large head, but otherwise there was no relevant family history. His Apgar scores were 5 at 1 min and 7 at 5 min. He required CPAP for 72 hours due to respiratory distress and nasogastric feeding for 14 days. His birth head circumference was documented as 35 cm (50th centile) with weight 3.06 kg (25th centile) and length 47 cm (sixth centile).
Postnatally, cranial ultrasound at 7 days of age identified agenesis of the corpus callosum. Brain MRI at 8 days of life showed abnormalities as Figure 1b .
Family 2 has been described previously as family P135 (Kielar et al., 2014) . We received information on two of the brothers, who are now adults with severe intellectual disability (ID), drug-resistant epilepsy, and macrocephaly. They did not have motor defects. Both had brain MRI in childhood but unfortunately images were not available for further review. In the previous publication ribbon-like Family 4 was previously described as family 22 (Shaheen et al., 2017) and brief clinical details were published in the supplements. A facial photograph of the affected girl is reprinted with permission and shown in Figure 1d . 
| Imaging review
The key imaging features of all EML1 patients are generalized megalencephaly, periventricular and ribbon-like subcortical heterotopia, partial or total callosal agenesis, and a polymicrogyria-like cortical malformation (see Figure 2) . (Takanashi & Barkovich, 2003) . They reviewed a case for which the polymicrogyria changed from pattern 1 (small, fine, and undulating cortex with normal thickness (3-4 mm) to pattern 2, a bumpy cortex that appeared abnormally thick (6-8 mm) and had an irregular cortical-white matter junction. They postulated that the myelination of the intracortical and subcortical fibers causes changes in the appearance and apparent thickness of the polymicrogyric cortex on T2-weighted images. In EML1-associated cases, the heterotopia is located in the outer subventricular zone. In time, this zone thickens from a small undulating line of cells on the fetal and neonatal scans to thickening of this zone to near 10 mm. It remains speculative which cell type is responsible for this change. The subcortical white matter zone (visible as a myelinated small zone) is outside of this thickened subventricular zone, so we hypothesize that the thickening is not due to changes in the intracortical or subcortical white matter fibers in the EML1 cases. Besides this thickening, there is also an increase in gyration of the overlying cortex. This is also part of normal aging but might in part be influenced by the underlying thickened layer of heterotopic cells at the outer subventricular zone.
| Molecular genetics
Both loss-of-function and missense mutations were observed. All three missense mutations cluster in the HELP motif (amino acids 217-259). The HELP motif is a characteristic and conserved hydrophobic component of the EML protein family (Richards et al., 2014) and is in EML1 part of the TAPE domain, required for tubulin binding (Richards et al., 2014) . In vitro studies have shown that the Thr243Ala mutation indeed impairs the association of Eml1 with microtubules (Kielar et al., 2014) .
No clear genotype-phenotype correlation emerges and both individuals with homozygous missense as well as nonsense variants have a severe clinical presentation. This suggests that the missense variants also negatively impact protein function. The affected individuals from Families 1 and 2 lack hydrocephalus, and epilepsy is absent up to the age of 3. In addition, the individuals from Family 2 had no motor impairment, in stark contrast to the severe motor delay observed in the others. It would be interesting to study the effect at the protein level of the mutations, especially that of the exon 1 deletion. Alternative start codons downstream of the protein might allow EML1 protein expression. On the other hand, complete loss of EML1 expression is also expected for Individual 7 with the homozygous p. (Arg523*) variant.
Another patient with EML1-like brain abnormalities has been described (Nagaraj, Hopkin, Schapiro, & Kline-Fath, 2017) . After publication of this report, compound heterozygous EML1 variants;
c.1316G>A (p.Gly439Asp) and c.1433G>T p.Gly478Val) have also been identified in this individual (personal communication Usha Nagaraj). This finding confirms the highly specific pattern of brain abnormalities associated with EML1 pathogenic variants.
| Differential diagnosis
Syndromes with overlapping features that could be considered in the differential diagnosis are shown in not or only slightly festooned and not as diffuse as in EML1 mutations, and shows a predilection for the cingulate gyrus.
Ribbon-like heterotopia have also been described in other patients as being located more closely to the lateral ventricles (Parrini et al., 2006; Tsuburaya et al., 2012) . These heterotopia showed a strong sinusoidal morphology. We have found descriptions of three unrelated individuals, two with normal cognition and childhood onset epilepsy, and one with severe developmental delay, drug-resistant epilepsy, microcephaly and cataracts (Parrini et al., 2006; Tsuburaya et al., 2012 (Kielar et al., 2014 ). An increased labeling index and reduced cell cycle exit was observed. Mutant cells in the VZ at E13.5 have longer mitotic spindles and an abnormal cell shape, in addition to centrosome and cilia defects (Bizzotto et al., 2017; Uzquiano et al., 2019) . It is hypothesized that these altered cellular dynamics lead to delamination, with Radial Glial Cells (RGCs) being pushed out of the VZ while maintaining their proliferative capacity (Bizzotto et al., 2017) . RGCs are essential to neuronal proliferation and migration as they can give birth to neurons by asymmetric cell division or indirect neurogenesis, and they provide a scaffold for newborn neurons migrating toward the cortical plate (Jiang & Nardelli, 2015) . The neurons do not lose their normal migrating capacities, but many cells remained sequestered in the heterotopia, due to local neuron production in the IZ and alteration of the radial glial cell migration guides (Kielar et al., 2014) . Interestingly, the GPSM2 (a.k.a. LGN) mouse model also demonstrates increased numbers of neural progenitor cells proliferating in ectopic locations throughout the cortical wall (Konno et al., 2008) . Altered spindle orientations, also observed in the HeCo mouse, have been highlighted as a mechanism leading to delaminated radial glia progenitors. Further mouse mutants with ectopic progenitors have also been described (Romero, Bahi-Buisson, & Francis, 2018).
Hydrocephalus is not observed in every case of EML1 mutation.
Genetic background effects may contribute to this outcome. In a new Eml1 knockout mouse model on the C57BL/6 background, postnatal hydrocephalus was also observed in some mice, but not all, and this phenotype was not originally observed in the HeCo model on the NOR/CD1 background (Collins et al., 2019; Kielar et al., 2014) .
Recently, it has been shown that mutations in Eml1/EML1, found in mice and patients with subcortical heterotopia, impair primary cilia formation in apical progenitors . Ciliopathies, for example Meckel-Gruber and hydrolethalus syndrome, show a high incidence of congenital hydrocephalus (Parisi & Glass, 1993) . In a mouse model, it was shown that depletion of the primary cilium in radial glial cells lead to prenatal ventriculomegaly, which was associated with an increase in size of the RGC apical domain and an activation of the mTOR pathway (Foerster et al., 2017) . This suggests that primary cilia defects can directly influence the morphology of the ependyma. In addition, altered mTOR signaling may contribute to the overgrowth of the brain and the ribbon-like, "pseudo cortex" appearance, and characteristic for this mutation. Further work is required to study this mechanism in Eml1 mouse mutants.
| CONCLUSION
In conclusion, truncating variants and missense variants clustering in the HELP motif in EML1 lead to a recognizable syndrome characterized by severe developmental delay, drug-resistant seizures and visual impairment. On brain imaging there is megalencephaly with a characteristic ribbon-like subcortical heterotopia, combined with partial or complete callosal agenesis and an overlying polymicrogyria-like cortical malformation. In addition, several individuals were diagnosed with congenital hydrocephalus. EML1 function can be related to microtubules and primary cilia, which again emphasizes their important role in brain and especially cortical development.
